Introduction
Pulmonary vein (PV) isolation is the cornerstone of atrial fibrillation (AF) ablation procedures. 1 This reflects the importance of PV triggers in the initiation of AF. Factors that are important in maintenance of AF include heterogeneous fibrosis, refractory periods, and conduction velocity. 2, 3 Epicardial adipose tissue (EAdT), located between the myocardium and the visceral layer of the pericardium, has also been associated with AF. 4 EAdT is metabolically active and may promote arrhythmogenesis through the release of inflammatory cytokines as well as adipokines into adjacent myocardium. 4, 5 Additionally, EAdT is postulated to contribute to AF through its rich innervation with ganglionated plexi in the proximity of the PV ostia. 6 Despite recent advances, the electrophysiologic mechanisms underlying the association between EAdT and AF remain unclear. Specifically, the association of EAdT with adjacent atrial myocardial substrate has not been studied. In the present study, we sought to (1) determine clinical predictors of myocardial substrates, namely, lowvoltage zones defined as o0.5 mV, 7 as well as fractionated 1  2  3  4  5  6  7  8  9  10  11  12  13  14  15  16  17  18  19  20  21  22  23  24  25  26  27  28  29  30  31  32  33  34  35  36  37  38  39  40  41  42  43  44  45  46  47  48  49  50  51  52  53  54 or widened electrograms, and (2) examine EAdT as a potential mediator of the association between clinical factors such as obesity with myocardial substrates.
Methods Patients
We performed a prospective cohort study of a subset of 30 consecutive patients from the ongoing Johns Hopkins Prospective AF Registry. Patients who underwent an initial radiofrequency ablation procedure for paroxysmal or persistent AF at Johns Hopkins Hospital from January to December 2014 and agreed to be included in the registry were screened. We selected patients who underwent preprocedural computed tomographic (CT) study but only included patients who were in sinus rhythm at the time of voltage mapping (n ¼ 30). The study was approved by The Johns Hopkins Medicine Institutional Review Board, and all patients provided written informed consent.
Multislice CT
Images were acquired using a commercially available 320-detector CT scanner (Aquilion ONE, Toshiba Medical Systems, Otawara, Japan) up to 1 week before the procedure. Slice collimation was 320 × 0.5 mm, and tube voltage was 80, 100, or 120 kV, depending on body habitus. Tube amperage ranged from 320 to 580 mA, depending on body habitus and heart rate. Image acquisition was gated to 40% of the R-R interval during a breath-hold. Beta-blockers were used as needed to decrease the heart rate below 80 bpm. The contrast protocol includes a total volume of 60 mL (70 mL if body mass index [BMI] 430 kg/m 2 ) of the nonionic lowosmolar iodinated contrast material iopamidol (Isovue 370, Bracco Diagnostics, Princeton, NJ) administered at a rate of 5-6 mL/s. First-pass images were used for segmentation and analysis.
Image analysis
CT images were processed offline using CartoSeg (Biosense Webster, Diamond Bar, CA). Semiautomatic segmentation of the left atrium (LA) and PVs was performed. Total intrathoracic adipose tissue was identified from the bifurcation of the pulmonary artery to the diaphragm as voxel intensities between -250 and -30 Hounsfield units. 8 Thereafter, EAdT was manually segmented by excluding portions of the intrathoracic fat located outside the pericardium. We considered EAdT as a binomial variable derived from its presence or absence within 3 pixels (0.625 × 3 ¼ 1.875 mm) of each endocardial mapping point. LA volume was measured using Osirix (Pixmeo, Geneva, Switzerland) by manually contouring the LA.
Electroanatomic mapping
Before ablation, voltage mapping was performed during sinus rhythm using an electroanatomic mapping (EAM) system (CARTO3, Biosense Webster) and a mapping catheter with a 3.5-mm distal tip and 2-mm interelectrode spacing (NaviStar, ThermoCool, or ThermoCool SmartTouch, Biosense Webster). Endocardial contact during point acquisition was validated by recording of a stable contact signal for 42 beats. No immediate postoperative complications were noted.
Registration of EAdT and voltage maps
Using the CARTOMerge module, registration of the EAM and LA mesh was performed using 3-5 anatomic landmarks defined during the procedure followed by surface registration ( Figure 1) . Each mapping point's 3-dimensional position coordinates and local electrograms were extracted, and the presence or absence of overlaying EAdT was noted for each site. EAM points recorded during ectopic beats displaying differing intracardiac activation sequences or P-wave morphologies on surface ECGs from those of sinus rhythm were excluded. 
Signal fractionation and widening
As previously described by Saghy et al, 9 sinus rhythm fractionation measurements were made manually for each electrogram. The number of deflections crossing the baseline for each signal was counted and its duration measured. In order to define the threshold for signal fractionation, the 95th percentile of electrogram deflections in our patients was determined, and 95% of bipolar electrograms were found to show o6 deflections; therefore, electrograms with ≥6 deflections were defined as abnormally fragmented. The threshold for signal widening was defined in a similar manner, and 95% of our electrograms were found to have duration o93 ms; therefore, electrograms with duration ≥93 ms were defined as abnormally widened.
Statistical analysis
Continuous variables are expressed as mean ± SD, and categorical data as number or percentage. Because of nonnormal (right skewed) distribution of bipolar voltage measures, log transformation was performed to enable analysis in a linear framework. The association of log bipolar voltage as the dependent variable with clinical variables as well as EAdT as independent variables was examined using multilevel multivariable generalized estimating equation (GEE) linear regression models, clustered by patient. An identity link function was used, with an exchangeable working correlation structure. The GEE model approach used here recognizes the existence of within-subject data clustering via modeling within-subject correlations. Failure to account for data clustering and the between-patient variability in slopes and intercepts can result in incorrect inferences and overstatement of statistical significance. A logit link function was then used to look for nonlinear associations between the same independent variables and dichotomized low-voltage zones defined by voltage threshold o0.5 mV. Nonparametric Wilcoxon rank-sum test was used to compare bipolar voltage between low-voltage zones with and without EAdT as well as normal-voltage zones (≥0.5 mV) with and without EAdT. Subsequently, the association of EAdT as the dependent variable with clinical variables as independent variables was examined using multilevel multivariable GEE logistic regression models, clustered by patient (link function logit, exchangeable working correlation structure). Statistical analyses were performed using STATA (version 12, StataCorp, College Station, TX).
Results

Patient characteristics
Thirty patients were enrolled in this study (16 Table 1 .
EAdT localization
EAdT was located primarily at the PV antra: 25 (83%) at the right superior PV, 12 (40%) at the right inferior PV, 14 (47%) at the left superior PV, and 16 (53%) at the left inferior PV. In addition, EAdT was variably found on the anterior surface in 9 (30%), posterior surface in 13 (43%), roof in 11 (37%), septal area in 21 (70%), LA appendage in 28 (93%), and mitral isthmus in 24 (80%). 
Electroanatomic mapping
Predictors of bipolar voltage
In the patient-clustered GEE model given in T2 Table 2 , age, BMI, hypertension, and persistent AF were all significantly and inversely associated with log bipolar voltage on univariable analyses. In addition, male gender was positively associated with log bipolar voltage. In the multivariable GEE model without EAdT, age (-0.02 per year; P ¼ .02) was the only variable that remained independently associated with 186  187  188  189  190  191  192  193  194  195  196  197  198  199  200  201  202  203  204  205  206  207  208  209  210  211  212  213  214  215  216  217  218  219  220  221  222  223  224  225  226  227  228  229  230  231  232  233  234  235  236  237  238  239  240  241  242   243  244  245  246  247  248  249  250  251  252  253  254  255  256  257  258  259  260  261  262  263  264  265  266  267  268  269  270  271  272  273  274  275  276  277  278  279  280  281  282  283  284  285  286  287  288  289  290  291  292  293  294  295  296  297  298 299 To further explore the association between EAdT and electrogram fractionation, 4 strata were defined: no EAdT with no fractionation (area 1); no EAdT and fractionation (area 2); EAdT with no fractionation (area 3); and EAdT with fractionation (area 4). The average number of electrogram peaks between these areas was compared. The mean number of peaks was significantly different between areas 1 and 3 (3.32 ± 0.76 vs 3.88 ± 0.74; P o .0001) and between areas 2 and 4 (6.35 ± 0.69 vs 7.05 ± 1.14; P ¼ .001). A similar analysis was conducted with signal widening. Areas without widening and without EAdT had a significantly shorter duration than did areas under EAdT without widening (P o .001)
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(see Online Supplemental Tables 2 and 3) .
Predictors of EAdT
A total of 680 points were found to have overlaying EAdT. The summary of EAM points colocalized to EAdT stratified by patient characteristics (age tertile, BMI, AF type, and history of hypertension) is given in T4 Table 4 . Patients who were in the second (54 ≤ age ≥ 64) and third tertiles of age (464) had a significantly higher proportion of points with overlaying EAdT (31.85% and 37.92%) than did patients who were o54 years of age (20.36%; P o .05 for both). Patients with BMI 430 kg/m 2 , those with hypertension, and those with nonparoxysmal AF had a significantly higher proportion of points with overlaying EAdT than did patients with BMI ≤30, those without hypertension, and those with a history of paroxysmal AF (P o .05). In a multivariable GEE model, only BMI (OR: 1.06 per kg/m 2 ; P ¼ .01) and age (OR: 1.03 per year; P ¼ .002) were associated with the presence of atrial EAdT.   300  301  302  303  304  305  306  307  308  309  310  311  312  313  314  315  316  317  318  319  320  321  322  323  324  325  326  327  328  329  330  331  332  333  334  335  336  337  338  339  340  341  342  343  344  345  346  347  348  349  350  351  352  353  354  355  356   357  358  359  360  361  362  363  364  365  366  367  368  369  370  371  372  373  374  375  376  377  378  379  380  381  382  383  384  385  386  387  388  389  390  391  392  393  394  395  396  397  398  399  400  401  402  403  404  405  406  407  408  409  410  411  412  413 
Discussion Main findings
The main finding of this study was that intracardiac bipolar voltage was inversely associated with age and the presence of overlaying EAdT. In addition, electrogram fractionation in sinus rhythm was positively associated with age, male gender, diabetes, hypertension, and EAdT. Electrogram widening was associated with age, male gender, and EAdT. BMI and age were associated the presence of EAdT. However, EAdT was not a statistical mediator of the association of clinical variables with atrial scar. Therefore, it appears to associate with the AF electrophysiologic substrate through mechanisms independent of the clinical variables incorporated in our models.
Predictors of AF substrate
The prevalence of AF is known to increase with age. 10 By generating an arrhythmic substrate, atrial remodeling likely mediates some of the association between age and arrhythmia burden. Atrial remodeling includes fibrosis, heterogeneity in conduction velocity, shortening of atrial refractoriness, and subsequent formation of local reentrant circuits and unidirectional block. 11 A study conducted by Spach and Dolber 12 showed that aging is associated with electrical uncoupling of the side-to-side connections between myofibrils leading to a decrease in the "effective" transverse conduction. Previous studies have also shown a significant decrease in atrial endocardial bipolar voltage with age. 7, 13 Furthermore, hypertension is strongly associated with AF incidence.
14 By generating a higher afterload, hypertension predisposes to atrial enlargement, electromechanical remodeling, and a drop in atrial bipolar voltage. [15] [16] [17] In a study conducted by Medi et al, 18 hypertensive patients were found to have slower conduction velocity, regional conduction delays, lower bipolar voltage, and higher propensity to AF compared to nonhypertensive patients. Our study suggests another potentially important contributor to AF substrate within the atrium. The presence of adjacent EAdT appears to be associated with reduced bipolar voltage, electrogram fractionation, and widening. Importantly, the association between arrhythmogenic substrates and regions with low electrogram amplitude is well established. 2, 19, 20 Histologically, low-voltage zones observed in the setting of AF are characterized by fibrosis. 11, 21 It is important to note, however, that other etiologies such as poor tissue coupling, reduced thickness of myocardium, nonuniformity of the myocardial tissue (secondary to fatty infiltration or inflammation), and discontinuous conduction also may lead to reduced bipolar voltage. 12 
EAdT and AF substrate
The association of EAdT with cardiac arrhythmias has been clearly demonstrated in the literature. 22 An analysis of the Framingham Heart cohort involving 3217 participants showed that epicardial fat volume was an independent predictor of AF risk after adjusting for other measures of adiposity and AF risk factors. 6 These studies suggest that EAdT may play a role in the generation of a myocardial arrhythmogenic substrate leading to AF. Biochemical studies have demonstrated that EAdT produces proinflammatory cytokines (e.g., tumor necrosis factor-α, interleukin-1, interleukin-6, monocyte chemotactic-1) and growth factors (e.g., transforming growth factors, and matrix metalloproteinases Q6 ) with paracrine activity on the myocardium. 5, 23 These molecules are thought to contribute to the structural remodeling that begets AF, namely, fibrosis. In fact, Venteclef et al 23 showed that human EAdT induced marked fibrosis of rodent atrial myocardium and favored the differentiation of fibroblasts into myofibroblasts. However, few studies have examined the role of EAdT in atrial remodeling in the setting of AF. In a study by Lin et al, 4 incubation of rabbit atrial myocytes with EAdT modulated the electrophysiologic properties of the cells leading to arrhythmias. Nagashima et al 24 showed the close correlation of EAdT with high dominant frequency sites during AF. Because high dominant frequency sites indicate local synchronous high-frequency activations likely related to the center of a focal-firing rotor or local reentrant circuit, their study suggests that EAdT promotes AF perpetuation. In our study, EAdT had a negative effect on the underlying bipolar voltage in the setting of AF and was independently associated with the presence of low-voltage zones. One potential mechanism for the negative effect of EAdT on electrogram amplitude and fractionation is through fatty deposits in the neighboring myocardium. This hypothesis is based on a study conducted in sheep by Mahajan et al 25 showing that obesity was accompanied by adipose infiltration of contiguous LA muscle leading to reduced local endocardial voltage, conduction abnormalities, and increased propensity for AF. To the best of our knowledge, this is the first in vivo study of the association of EAdT with the underlying myocardial substrate in the setting of AF .   414  415  416  417  418  419  420  421  422  423  424  425  426  427  428  429  430  431  432  433  434  435  436  437  438  439  440  441  442  443  444  445  446  447  448  449  450  451  452  453  454  455  456  457  458  459  460  461  462  463  464  465  466  467  468  469  470   471  472  473  474  475  476  477  478  479  480  481  482  483  484  485  486  487  488  489  490  491  492  493  494  495  496  497  498  499  500  501  502  503  504  505  506  507  508  509  510  511  512  513  514  515  516  517  518  519  520  521  522  523  524  525 526 527 
Predictors of EAdT
Our findings show that the presence of epicardial fat overlying the LA is significantly associated with BMI. In the face of a rising epidemic of obesity, studies have clearly established its close link with AF incidence. In fact, a 1 kg/m 2 increase in BMI was shown to increase AF risk by 5%-12%. 26, 27 In a recent meta-analysis, obesity was shown to increase the risk of AF recurrence after an ablation procedure (by 13% for every 5 kg/m 2 ). 28 As to the underlying pathophysiology this phenomenon, human studies were challenged by numerous confounders commonly found in obese patients, such as hypertension, diabetes mellitus, obstructive sleep apnea, coronary artery disease, and heart failure, which predispose to AF. In a sheep model, Abed et al 29 provided a causal relationship between obesity and LA changes, namely, structural and electrical remodeling (increased atrial size, fibrosis, fatty infiltration, conduction heterogeneity, and inducibility of arrhythmia). In our study, we accounted for several of the potential confounding factors by including the CHA 2 DS 2 -VASc score along with patients' clinical covariates and found that BMI was significantly and directly associated with the presence of epicardial fat. Thus, our study provides the foundation for establishing the direct impact of obesity on atrial substrate and AF burden through EAdT deposition.
Clinical implications and future directions
The association between epicardial fat deposits secondary to obesity and atrial substrate provide a framework supporting the benefit of weight loss on AF reduction. The effect of weight loss on the amount of adipose tissue around the heart has been demonstrated in several studies, and several trials have also supported the benefit of weight management on AF burden. 30, 31 Thus, a preventive strategy incorporating risk factor management should effectively reduce AF burden.
Study limitations
This study had a relatively a small population, restricted to patients undergoing LA voltage mapping as part of an AF ablation procedure. Future studies with larger cohorts as well as denser EAMs may refine and improve the generalizability of our results. In addition, our results might be affected by positional errors when registering EAMs to the LA mesh. However, the extent of error appears to be very low based on previous validation studies. 32 Finally, the use of a linear regression GEE model only ascertains an association and not a relationship of causality between our variables such as EAdT and bipolar voltage. This points to the importance of biochemical studies to demonstrate the mechanistic interaction between EAdT and atrial myocytes.
Conclusion
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